Ischemic pain-examples include the chest pain of a heart attack and the leg pain of a 30 s sprint-occurs when muscle gets too little oxygen for its metabolic need. Lactic acid cannot act alone to trigger ischemic pain because the pH change is so small. Here, we show that another compound released from ischemic muscle, adenosine tri-phosphate (ATP), works together with acid by increasing the pH sensitivity of acid-sensing ion channel number 3 (ASIC3), the molecule used by sensory neurons to detect lactic acidosis. Our data argue that ATP acts by binding to P2X receptors that form a molecular complex with ASICs; the receptor on sensory neurons appears to be P2X5, an electrically quiet ion channel. Coincident detection of acid and ATP should confer sensory selectivity for ischemia over other conditions of acidosis.
INTRODUCTION
Musculoskeletal pain is among the most common reasons that patients seek medical care, yet its molecular basis is poorly understood compared to skin pain (Mense, 2008) . Muscle pain caused by ischemia-when skeletal or cardiac muscle gets insufficient oxygen for its metabolic needs-includes the physiological pain of anaerobic exercise and the pathological pains of angina, intermittent claudication, and sickle cell anemia (Fu and Longhurst, 2009) . Ischemia is detected by sensory neurons called metaboreceptors, which innervate muscle and evoke both protective cardiovascular reflexes and muscle pain (Craig, 2002; Kaufman and Hayes, 2002) .
In classic experiments using the submaximal effort tourniquet technique, no pain occurred when a tourniquet stopped blood flow to a subject's arm, but striking and persistent pain occurred when the occluded arm then exercised lightly (MacWilliam and Webster, 1923; Smith et al., 1966) . Similarly, reflex control of local blood pressure in response to ischemia required muscle contraction (Alam and Smirk, 1937) . These experiments show that metaboreceptors do not directly sense low oxygen but, instead, detect chemicals released into (or depleted from) the extracellular media by working, oxygen-starved muscle. Thomas Lewis called this contraction-induced chemical ''Factor P'' and argued that it triggers ischemic pain in both skeletal and cardiac muscle (Lewis, 1932) . Factor P clearly is not a single chemical because there is evidence for contributions from a wide variety (Longhurst et al., 2001; Meller and Gebhart, 1992; Mense, 1993) .
Lactic acid, produced in and released from muscle during anaerobic metabolism, is a possible mediator of ischemic pain, but the signal it generates is small: extracellular pH drops from 7.4 to 7.0 during the tourniquet test (Issberner et al., 1996) and to pH 6.9 during minutes of extreme cardiac ischemia (Cobbe and Poole-Wilson, 1980; Street et al., 2001) . This is far smaller than pH changes that trigger pain in skin (Steen et al., 1995) . Moreover, pH 7.0 can be reached during metabolic acidosis (Rose and Post, 2001 ), which does not evoke sensations of angina or other ischemic pain. Finally, patients with McArdle's disease, who have diminished ability to make lactic acid, generate a substantial neural response to ischemic exercise (Vissing et al., 2001) . Despite these arguments against a role for acid in metaboreception and ischemic pain, two experiments compellingly argue for it: (1) the onset and intensity of pain in the tourniquet test tracks the drop in pH (Issberner et al., 1996) ; and (2) strong buffering of extracellular pH greatly diminishes the ability of metaboreceptors to detect ischemia in vivo (Pan et al., 1999) .
If indeed acid helps to trigger ischemic pain, its detector must be able to respond to pH 7.0, and it also must be able to distinguish ischemic acidosis from metabolic acidosis. We have previously argued that the sensor for ischemic acidosis in rats is acid-sensing ion channel number 3 (ASIC3) (Benson and McCleskey, 2007) . ASICs are trimeric proteins that open a Na + -selective pore when there is a drop in extracellular pH, thereby activating neurons in response to local acidification (Deval et al., 2008; Holzer, 2009; Jasti et al., 2007; Lingueglia, 2007; Wemmie et al., 2006) . Cardiac and skeletal muscle metaboreceptors in rats express ASIC3 at extraordinarily high levels on their cell bodies (Benson et al., 1999; Sutherland et al., 2001 ) and on their sensory endings (Molliver et al., 2005) . ASIC3 is much more sensitive than other rat ASICs: at physiological ionic conditions, it is closed at pH 7.4, starts to open by pH 7.1, and is fully activated near pH 6.5. Over this range of pH, which closely flanks the range that occurs during muscle ischemia, the ASIC3 activation curve has a Hill slope of 4, essentially four times as sensitive as a pH meter (Sutherland et al., 2001; Waldmann et al., 1997; Yagi et al., 2006) . ASIC3 sensitivity is increased by lactate (Immke and McCleskey, 2001) , making the channel better at detecting lactic acid than other acids. Thus, metaboreceptors express at very high levels an ion channel that is well tuned to detect subtle lactic acidosis. Mice lacking ASIC3 (but not ASIC1) fail to exhibit a pathological pain condition caused by injections of acid into muscle (Sluka et al., 2003 (Sluka et al., , 2007 ; thus, ASIC3 responds to muscle acidity in vivo and affects nociception.
How might metaboreceptors distinguish ischemic acidosis from metabolic acidosis? We considered whether other compounds that appear during ischemia might work synergistically with acid upon ASIC3. Screening a variety of compounds for their ability to potentiate ASIC gating in sensory neurons, we found one, extracellular ATP at micromolar concentrations, that greatly increased ASIC currents evoked at the pH values that occur during muscle ischemia. Extracellular ATP is of particular interest in ischemia because it rapidly rises from undetectable levels to tens of micromolars when an occluded forearm exercises, but not when it rests (Forrester, 1972; Hellsten et al., 1998) ; extracellular ATP also rises in ischemic heart (Borst and Schrader, 1991) . Synergistic action of acid and ATP has been seen in measurements of calcium transients in isolated sensory neurons (Light et al., 2008) , in whole animal cardiovascular reflexes to muscle ischemia (Hayes et al., 2008; McCord et al., 2009) , and in a whole animal ischemic pain model (Seo et al., 2010) . Our study provides a molecular mechanism for these physiological observations. We demonstrate that muscle metaboreceptors use ASICs to integrate acid and ATP signals and that the ATP binding site is an ion channel in the P2X family; the data further suggest that the phenomenon involves a protein assembly of P2X and ASIC channels.
RESULTS
Extracellular ATP Persistently Increases ASIC Sensitivity on Putative Metaboreceptive Sensory Neurons Whole-cell patch clamp recordings were performed on cell bodies of sensory neurons that had innervated rat thigh muscle. Neurons were fluorescently labeled by a retrogradely transported dye (DiI) injected into the muscle about 1 week before dissection of dorsal root sensory ganglia ( Figure 1A inset ). Roughly 60% of these neurons, and virtually all of those with larger diameters, exhibited large inward Na + currents when exposed to pH 6.9 ( Figure 1A) ; such high acid sensitivity is typical only of ASIC3. Sensory neurons that project to rat muscle and express high levels of ASIC3 have the following properties: (1) they can innervate muscle arterioles; (2) most express CGRP (a vasodilatory peptide) and TrkA (the receptor for nerve growth factor); and (3) relatively few express TRPV1, and virtually none express P2X3, two other nociceptive ion channels (Molliver et al., 2005) . Such high expression of ASIC3 is seen in virtually all sensory neurons that innervate rat heart, an organ from which ischemic pain is the only conscious (A) Whole-cell patch clamp currents evoked by changing external pH from 7.4 to 6.9 on a DiIlabeled sensory neuron that innervated skeletal muscle. The smaller pH-evoked current (left) was before, and the larger (right) was 15 s following washout of extracellular 50 mM ATP that had been applied for 25 s; the first 3 s of ATP application is shown between the two pH-evoked currents. Scale, 1 nA, 1 s. Inset displays fluorescence (upper) and phase micrographs showing dissociated sensory neurons, two of which are fluorescent because of retrograde transport of DiI injected into thigh muscles. Scale bar represents 30 mm. (B) Distribution of muscle afferents by cell diameter (white bars). Note that larger cells were more likely to express ASIC3-like currents (gray) and that currents in 35% of ASIC3+ cells were not sensitized by ATP (black). (C) Mean (± SEM) percent increase (100% = 2-fold increase) in ASIC3-like current (pH 6.9) at different ATP concentrations, each applied for 1 min (n R 5 for each concentration). (D) Mean percent increase (± SEM) in ASIC3-like current evoked at the indicated pH. 50 mM ATP was applied for 1 min at pH 7.4. ASICs were evoked by brief (2 s) steps to the indicated pH before and 20 s after removal of ATP. Currents at the peak of the ASIC activation curve ($pH 6) were almost unchanged, indicating that ATP does not increase the total number of available ASIC molecules. (n R 5 for each pH).
sensation (Benson et al., 1999; Sutherland et al., 2001 ). These expression patterns are among the evidence that ASIC-positive muscle afferents are metaboreceptors.
After evoking a large inward Na + current with a step in pH from 7.4 to 6.9 ( Figure 1A , left trace), we returned to pH 7.4 and applied 50 mM ATP for 25 s, which evoked a modest inward current in this neuron (middle trace). Upon removal of ATP, we retested ASIC amplitude and found it much increased (right trace). Typically, it took about a minute in ATP for ASIC current to reach maximum amplitude (see Figure S1 available online). Whether or not ATP remained in the external media, ASIC currents remained elevated for about 10 min during which time they gradually returned toward baseline level ( Figures S1 and  S2 ). Subsequent ATP applications had little effect on ASIC current, indicating that the decline to baseline is an adaptation. We will call this long-lived effect of extracellular ATP on ASIC channels ''sensitization.'' Using the same protocol, other compounds that appear in the extracellular space during muscle ischemia, i.e., bradykinin, serotonin, adenosine, and histamine, had no such effect on acid-evoked current (not shown).
The mean increase in ASIC current was 2.3-fold (±0.15 standard error of the mean [SEM]). A majority (64%) of putative muscle metaboreceptors were sensitized by ATP; larger neurons (>35 mm soma diameter) were more likely to respond ( Figure 1B) , suggesting that ATP acts on neurons that have myelinated axons. No effect was seen with 0.1 mM ATP, whereas 1 mM sensitized ASICs to essentially the same degree as higher concentrations ( Figure 1C) ; sensitization appeared slower with the lower concentrations of ATP but eventually reached the same final level ( Figure S1 ).
Although ATP increased ASIC currents evoked at the modest pH levels (7.1-6.8) that occur during heart attack and anaerobic muscle exercise (Cobbe and Poole-Wilson, 1980; Street et al., 2001) , it did not strongly alter currents evoked at pH 6.5 and below ( Figure 1D ), values that are at the peak of the ASIC3 activation curve (Sutherland et al., 2001 ). This argues that ATP does not alter the total number of ASIC channels but, instead, increases their effective acid sensitivity.
The Binding Site Is an ATP-Gated Ion Channel
The ASIC channel cannot itself be the ATP binding site because about a third of neurons with strong ASIC currents were not sensitized by ATP ( Figure 1B) . We therefore considered the cell membrane purine receptors, of which there are three families: P1, P2X, and P2Y (Burnstock, 2007) . Unlike the ATP-gated P2 receptors, the primary ligand for P1 receptors is adenosine, which did not affect ASIC current (not shown). The slow time course of ASIC sensitization is similar to channel modulation by G protein-coupled receptors (Hille, 2001) , so the G proteincoupled P2Y receptors seemed likely. This was refuted because ATP was not mimicked by either ADP or UTP (Figure 2 ), agonists that activate P2Y receptors as well as or better than ATP (Burnstock, 2007) .
Sensory neurons express mRNA for six of the seven P2X receptors (all but P2X7) (Collo et al., 1996; Kobayashi et al., 2005) . Despite this heterogeneity of mRNA, the bulk of ATPgated current in sensory neurons is carried by channels that contain P2X3 receptors, either homomeric P2X3 or heteromers of P2X2 and P2X3 (Cook et al., 1997; Lewis et al., 1995) . These channels are activated by abmethylene-ATP, which failed to affect ASIC current. Thus, the channel responsible for most ATP-gated current on sensory neurons does not sensitize ASICs.
We tested several other P2X agonists, finding that two general P2X activators, ATPgS and 2methylthio-ATP, mimicked ATP, but benzoyl-ATP, a specific P2X7 agonist, did not. Three antagonists were tested. PPADS (not shown) and suramin, both of which block all homomeric P2X channels except P2X4, blocked ASIC sensitization by ATP. Trinitrophenol-ATP (TNP-ATP) blocked at high, nonspecific concentrations but not at a low concentration (30 nM) that is specific for P2X3 and P2X1 receptors. This pharmacological profile matches P2X2 and P2X5, but not other functional homomeric P2X channels (North and Surprenant, 2000) .
To test if sensitization indeed is mediated by P2X receptors, we expressed them together with ASICs in three mammalian cell lines (CHO, COS, HEK293). Expressed alone, ASIC3 was unaffected by application of ATP ( Figure 3A ). As expected from the previous pharmacology of native neurons, expression of P2X1 (not shown) or P2X3 resulted in large ATP-evoked currents but no subsequent change in ASIC3 current. In contrast, expression of P2X2, P2X4, or P2X5 all supported robust potentiation of ASIC3 current by ATP. Activation of P2X2/3 heteromers did not increase ASIC3 current, indicating that P2X3 serves as a dominant negative over P2X2. P2X receptors could also mediate sensitization of ASIC1 channels ( Figure 3B ). Evidently, ATP sensitizes ASICs by binding to certain P2X ion channels.
The time course of ASIC sensitization in the cell lines varied with the cell type. After a brief ATP application, ASIC currents remained elevated above baseline in COS and CHO cells for as long as we recorded ($1 hr; Figure S2 ). HEK293 cells were more like sensory neurons, with ASIC currents returning to their original levels over about 10 min after ATP application (not shown). Each pair of acid-evoked currents (pH step from 7.4 to 6.9, 4 s) is from a single representative sensory neuron (n R 5 cells tested for each condition). Currents were evoked either before or 30 s after a 1 min application of the indicated compound. Purinergic agonists were applied at 50 mM for 1 min except BzATP (100 mM). Antagonists (TNP-ATP, concentration indicated; suramin, 100 mM; PPADS, 4 mM) were applied together with ATP. If ASIC current did not increase in the presence of an antagonist, ATP was reapplied without antagonist and then current increased (not shown). Scale bars represent 1 s, 0.5 nA. Insensitivity to either ADP or UTP rules out P2Y receptors; insensitivity to abmethylene-ATP rules out P2X3, P2X2/3, and P2X1. Inhibition by suramin and PPADS (not shown) is inconsistent with P2X4 and P2X7.
Mechanism of P2X-ASIC Sensitization: Evidence for Proximity
The slow onset and persistence of sensitization would occur if activation of the P2X receptor created or depleted some second messenger that alters ASIC activity, but we failed to find evidence to support this. First, flux through the P2X receptor does not appear to create a signal because sensitization occurred equally well if P2X flux was inward or outward (Figure S4A) . Second, changes in intracellular Ca 2+ are irrelevant because sensitization is neither triggered by intracellular Ca ) media ( Figures S4C and S4F ). Further negative results were obtained upon modulation of G proteins, phosphatases, and a number of specific signaling pathways summarized in Figure S4 and Table S1 .
Failing to find evidence for a second messenger created when ATP activates P2X receptors, we asked whether ASIC and P2X receptors might be directly coupled. Attempts to coimmunoprecipitate ASIC and P2X receptors with two different protocols led to apparent artifact: ASIC3 expressed in COS7 cells immunoprecipitated with coexpressed P2X2 and P2X5 channels, but also with SK channels (small conductance Ca 2+ -activated potassium channels) and with P2X3, which does not mediate ASIC sensitization. This suggests that ASIC3 formed artifactual aggregates with other membrane proteins when solubilized under the conditions we used. We next used F} orster resonance energy transfer (FRET) to test whether the two proteins are within molecular proximity in intact, live cell membranes (Ciruela, 2008) . FRET measurements relate the fluorescence energy of CFP that gets transferred to YFP because of their overlapping emission and absorption spectra and close proximity. Constructs were prepared that fused P2X5 and ASIC3 proteins to cyan fluorescent protein (CFP) and yellow fluorescent protein (YFP), respectively, and these were transfected into CHO cells. P2X5-CFP and ASIC3-YFP generated normal currents and normal ATP sensitization of ASIC3 ( Figure S3C ). We quantified FRET using ''donor-dequenching,'' an increase in CFP (donor) fluorescence that occurs when YFP (acceptor) is destroyed using highintensity light.
Fluorescence of ASIC3-YFP was almost fully eliminated by exposing transfected CHO cells to four 30 s intervals of bright 514 nm light. Fluorescence of CFP and YFP was measured after each of these bleaching intervals ( Figure 4A ), and P2X5-CFP fluorescence (solid circles) increased in parallel to the loss of ASIC3-YFP fluorescence (squares), thereby confirming FRET between the two fluorophores. No apparent FRET occurred in cells transfected with P2X5 CFP alone (open circles, Figure 4A ) or if YFP was fused to a different membrane-spanning protein, NgCAM (diamonds, Figure 4B ). The 20% FRET signal between P2X5 and ASIC3 was about half the signal obtained from yellow CaMeleon (YC3.1, triangles), in which YFP and CFP are fused to either end of calmodulin, which is about 45 Å in length. Application of ATP did not clearly alter the FRET signal between P2X5 and ASIC3, although there appeared to be a slight decrease (Figure S3D) . We also detected FRET between P2X5 and ASIC3 using optics for total internal reflection (TIRF), which selectively detects surface membrane fluorescence and thereby confirms that P2X5 and ASIC3 colocalize on the surface membrane (Figure S3 ). There appear to be hot spots of colocalized P2X5 and ASIC3 fluorescence in the TIRF images. In summary, we conclude that P2X5 and ASIC3 molecules can be no further apart than 100 Å , the upper limit for FRET (Ciruela, 2008) . For perspective the width of the barrel structure in the fluorescent proteins is 40 Å (Ormo et al., 1996) , and the greatest distance between adjacent subunits in ASIC and P2X channels are, respectively, 85 and 75 Å (Jasti et al., 2007; Kawate et al., 2009 ).
Mechanism of P2X-ASIC Sensitization: Proximity Appears Necessary P2X5 and ASIC3 appear to be close to each other on the membrane, but is this proximity necessary for sensitization? If so, individual P2X receptors should operate independently of each other, affecting only the ASICs to which they connect. We tested for independence by coexpressing two pharmacologically distinct P2X receptors, P2X2 and P2X4, and asked whether sensitization of ASICs by one of them could occlude sensitization by the other. Suramin blocks activation of P2X2 and blocked sensitization of ASIC3 in P2X2-expressing CHO cells; after removal of suramin, a subsequent ATP application sensitized the ASIC current ( Figure 5A , upper traces). Suramin does not block P2X4 and did not block ASIC3 sensitization in P2X4-expressing CHO cells; a second ATP application had no further effect ( Figure 5A, middle) . In CHO cells expressing both P2X2 and P2X4 receptors, the response was a hybrid: sensitization occurred in the presence of suramin, as expected of P2X4 receptors, and it increased further in the absence of suramin, as expected of P2X2 receptors ( Figure 5A , lower traces). We find this result compelling because P2X2/P2X4 coexpression was the only condition in which we ever saw a second ATP application have an effect after the first application had reached its peak sensitization of ASIC current. Summary data ( Figure 5B ) suggest that P2X2 and P2X4 effects are additive. Such independence is expected if individual P2X and ASIC molecules must be associated for successful sensitization.
If P2X and ASIC channels communicate through a direct connection rather than a second messenger, ASIC sensitization should increase with P2X density until it is roughly similar to ASIC density; in contrast to such linearity, second messenger systems exhibit amplification. Consistent with a direct connection, we found, in COS cells transfected with ASIC3 and various levels of P2X2, that sensitization increased in proportion to the number of active P2X2 receptors (gray bars, Figure 6D ; Figure S4G ). In summary, FRET, occlusion experiments, and amplitude dependence together suggest that P2X and ASIC channels form some sort of assembly that is necessary for ASIC sensitization by P2X. Figure 3 showed that three subtypes of homomeric P2X receptor are capable of sensitizing ASICs: P2X2, 4, and 5. Which ones are used by native sensory neurons? We argue against P2X4 because it is insensitive to suramin and PPADS, compounds that blocked sensitization in the sensory neurons that we tested (n = 6 and 7, respectively). There is no known pharmacological distinction between P2X2 and P2X5, but three results described below argue in favor of P2X5 and against P2X2: (1) Ca 2+ independence of sensitization, (2) the size of ATP-evoked currents that accompany sensitization, and (3) coexpression of P2X and ASIC immunoreactivities in sensory neurons. ASIC sensitization in sensory neurons did not require either intracellular or extracellular Ca
P2X5, an Electrically Quiet Channel, Mimics Sensitization in Sensory Neurons

2+
: ATP increased ASIC current in neurons despite strong Ca 2+ chelators inside the cell (10 mM BAPTA) and outside (1 mM EGTA, no added Ca 2+ and Mg 2+ ) during the ATP application ( Figure 6A, left traces) . In contrast, sensitization did not occur in COS and CHO cells expressing P2X2 if external Ca 2+ was chelated during the ATP application (second pair of traces). P2X4 and P2X5 were like the native response, insensitive to extracellular Ca 2+ chelation. We do not understand why ASIC sensitization via P2X2 depends on external Ca 2+ , but the observation clearly argues that P2X2 did not mediate the responses that we observed in sensory neurons.
P2X4 was ruled out by suramin and P2X2 was ruled out by external Ca 2+ , leaving only P2X5 satisfying these pharmacological criteria. Transfected P2X5 makes currents about 100-fold smaller than other P2X receptors (Collo et al., 1996) , as illustrated in Figure 6C . Is the relevant P2X receptor on sensory neurons electrically quiet like P2X5? Consider the P2X kinetics of the three sensory neurons in Figure 6B (middle traces). The top two neurons each had large, transient currents; the top also had a substantial sustained current, whereas the other two had small, sustained current. ATP increased ASIC current in the top and bottom neurons, but not the middle one. Such data convinced us that: (a) the P2X receptors carrying the large, transient currents are irrelevant to ASIC sensitization and that (b) sensitization occurs even in neurons that exhibit sustained P2X current that seems negligibly small. In contrast to typical sensory neurons, COS and CHO cells that expressed P2X2 ( Figure 6D , gray bars) and P2X4 (not shown) had no ATP-induced sensitization of ASICs unless they also had clear ATP-evoked current. P2X2 currents had to be 1-2 nA (a large current) before sensitization was detectable, and the extent of sensitization increased roughly in proportion to P2X2 amplitude out to 20 nA. Unlike P2X2 and P2X4 but like most sensory neurons, COS and CHO cells expressing P2X5 exhibited strong sensitization with only miniscule After 20 s in ATP plus suramin, subsequent ATP application had no further effect on P2X4 cells. Cells transfected with both P2X2 and P2X4 exhibited sensitization in suramin, like P2X4, and also after suramin, like P2X2 (lower traces). (B) Summary data (n R 5 in each condition) shows that CHO cells that coexpress P2X2 and P2X4 exhibited ASIC sensitization in response to the first application (ATP plus suramin) roughly equivalently to P2X4-only cells, and to the second application (ATP only) roughly equivalently to P2X2-only cells. This is consistent with independent actions of P2X2 and P2X4 (all error bars represent average ± SEM). Figure S4 and Table S1 . (B) Three different sensory neurons that either exhibited ATP sensitization (top and bottom cells) or did not (middle). Nothing about the waveform of ATP-evoked current (middle trace in each trio) could predict whether sensitization occurred. pH steps were from 7.4 to 6.8; ATP was 50 mM (4 s is shown of a 30 s application). Scale bars represent 1 s; 1 nA (ASIC currents) or 0.5 nA (P2X currents).
(C) Representative amplitudes of three kinds of P2X currents each transfected with 10 mg/ml of the indicated cDNA. As previously shown by Collo et al. (1996) , P2X5 makes little current. sustained ATP-evoked current (black and white bars). We suggest that the relevant P2X channel on sensory neurons shares an unusual property with P2X5 channels: both are electrically quiet. P2X5 mRNA has been demonstrated in sensory neurons (Collo et al., 1996; Kobayashi et al., 2005) , but its protein has not. In order to observe the protein and to see if it is expressed together with ASIC3 in sensory neurons, we raised and characterized a P2X5 antisera ( Figure S5 and Table S2 ) and compared the distributions in sensory ganglia of P2X5 immunoreactivity (P2X5-IR) to those of ASIC3 (Molliver et al., 2005) and P2X2 (Vulchanova et al., 1996) . Neurons labeled for P2X5 were often also labeled for ASIC3 (Figure 7 , left panel), whereas little overlap existed for P2X2 and ASIC3 (right panel). A blinded count was performed and decoded (n = 3 rats; at least 6 DRG sections from each; 1276 total sensory neurons counted). P2X5 antisera labeled 25% of sensory neurons, and just over 50% of these also stained brightly for ASIC3, twice what would occur by chance (26% of all neurons scored bright for ASIC3). P2X2 antisera labeled a similar fraction (26%) of neurons as P2X5, but only 11% of them were positive for ASIC3. We conclude that P2X5 often coexpresses with ASIC3 in sensory neurons, whereas P2X2 does not. In summary, four results argue that P2X5 is the most common ATP binding site mediating ASIC sensitization on rat sensory neurons: block by suramin and PPADS, Ca 2+ independence, low P2X current amplitude, and coexpression.
DISCUSSION
This study was stimulated by the paradox that acid appears incapable of triggering ischemic pain by itself (Meller and Gebhart, 1992 ), yet buffering acid severely decreases the ability of metaboreceptors to detect ischemia (Pan et al., 1999) . In the clinic, the question is this: if acid triggers ischemic muscle pain at a pH that drops only to 7.0-6.9, then why do patients suffering from metabolic acidosis not experience angina or other ischemic pain when their whole body pH drops to such levels? Our data demonstrate a molecular mechanism through which ATP, which is released from oxygen-deprived, contracting muscle (Forrester, 1972) , increases the ability of ASICs to respond to a subtle decrease in pH. ATP-induced sensitization of ASICs should render a sensory neuron more sensitive to ischemic acidosis, which is accompanied by extracellular ATP, than to metabolic acidosis, which is not. The importance of coincident detection of multiple ischemic signals and a role for extracellular ATP has been noted in physiological studies of cardiac and muscle metaboreception (Hayes et al., 2008; Light et al., 2008; Longhurst et al., 2001; Seo et al., 2010) . A previous study on lactate (Immke and McCleskey, 2001 ) and the present one on ATP demonstrate that ASICs act as a molecular integrator of three ischemic signals: acid, lactate, and ATP. The major results and conclusions of our study are as follows.
(1) Evoked at pH 7 on most muscle metaboreceptive neurons, ASIC currents gradually increased by 2-fold, on average, when challenged with micromolar extracellular ATP for tens of seconds. Surprisingly, currents remained high long after ATP was removed. ASIC currents evoked at the peak of their activation curve did not increase, arguing that ATP increases the effective sensitivity of ASICs, and not the number of functional ASIC channels. (2) The ATP binding site is another ion channel, a P2X receptor, even though calcium flux and the net direction of flux through the P2X receptor are both irrelevant to sensitization. The dominant P2X receptor on sensory neurons, P2X3, cannot mediate the effect, but three others can: P2X2, 4, and 5. Only P2X5 successfully mimicked all properties of the native response in rat sensory neurons, including coexpression with ASIC3. This is the first function on sensory neurons proposed for P2X5, which, though it is an ion channel, makes little electrical current. (3) There was a strong FRET signal between fluorophores fused to transfected P2X and ASIC3 channels, and dissimilar P2X receptors expressed on the same cell failed to occlude each other's ability to sensitize ASIC3. These results argue that ASIC and P2X channels coassemble in some way and that an individual P2X only sensitizes an ASIC within its local assembly. Sensory neurons in two sections taken from an L5 dorsal root ganglion. Left shows section labeled and imaged for antisera to P2X5 (A) and ASIC3 (B). Right displays section labeled and imaged for antisera to P2X2 (D) and ASIC3 (E). Bottom images (C and F) superimpose the two above (P2X in red, ASIC in green). Secondary antibodies are anti-guinea pig-cy3 (for P2X) anti-rabbit cy5 (for ASIC). Counts of all labeled cells were made blindly in well-stained sections from three rats (Table S2 ). For antibody validation see Figure S5 .
Lactate and ATP both increase the apparent acid sensitivity of ASICs, but the molecular mechanisms differ fundamentally. ATP requires expression of another protein, a P2X receptor, whereas lactate does not. Lactate acts by binding to and diminishing the free concentration of extracellular Ca 2+ ions (Immke and McCleskey, 2001 ). The proton binding sites that gate ASICs also appear to bind Ca 2+ , so diminishing their occupancy by Ca 2+ decreases the concentration of protons necessary for activation (Babini et al., 2002; Immke and McCleskey, 2003) . The different mechanisms for sensitization by lactate and ATP should have several functional consequences: (1) every neuron expressing ASICs will respond to lactate, but only those also expressing the appropriate P2X can respond to ATP; (2) lactate acts immediately and reversibly, whereas ATP acts slowly and persistently; and (3) ATP and lactate actions on ASIC can be additive (data not shown). Detection of the coincident appearance of acid, lactate, and ATP by ASICs could allow metaboreceptors to sense a subtle decrease in extracellular pH while also discerning that its cause is muscle ischemia. Such coincidence detection is likely a common mechanism to obtain sensory specificity; for example, the ion channel TrpA1 is considered a selective trigger for inflammatory pain because it integrates multiple chemicals that are generated during inflammation (Bautista et al., 2006) .
Unanswered Questions
Despite progress toward understanding the P2X-ASIC mechanism, our data fail to explain the slow onset kinetics, the persistence of sensitization after removal of ATP, and the apparent ATP-independent mechanism of adaptation. Data supporting a direct P2X-ASIC interaction join a list of other examples in which P2X receptors alter activity of different ligand-gated ion channels: acetylcholine receptors (Khakh et al., 2000 (Khakh et al., , 2005 Nakazawa, 1994; Zhou and Galligan, 1998) ; 5HT3 channels (Boue-Grabot et al., 2003) ; and GABA channels (Boue-Grabot et al., 2004) . However, in these previous cases, ATP rapidly and reversibly inhibits the other channels, whereas ATP sensitizes ASICs slowly, and this persists after removal of ATP. Given the tens of seconds of ATP exposure necessary for sensitization, it is unlikely that ASICs simply sense the conformation change of P2X opening, which occurs in milliseconds. Are there alternative mechanisms? One possibility is that the ASIC senses some slow conformation change in the nearby P2X. For example, P2X inactivation can be slow in onset and traps an ATP molecule on the P2X receptor for an even longer time period. The relevance of P2X inactivation might be explored with ATP analogs that vary in their off rate from the desensitized receptor (Pratt et al., 2005) and with P2X mutants that have altered desensitization (Fabbretti et al., 2004) . Another slow P2X phenomenon is a nonselective conductance induced when some P2X receptors are exposed to ATP for long times (Chaumont and Khakh, 2008) ; we have some preliminary data showing a correlation between ASIC sensitization and such a nonselective conductance (not shown, see Birdsong, 2008) . Slow effects between different membrane proteins might also occur through lipid interactions: deformation of the lipid bilayer within several nanometers of membrane proteins creates a large attractive force between near neighbors and is proposed to be sufficient to induce cooperative gating between membrane proteins (Ursell et al., 2007) . A related mechanism is a slow conformation spread through a lattice of receptors (Bray and Duke, 2004) .
ASIC currents remained elevated for about 10 min after a transient ATP application to sensory neurons, and for as long as we could record ($1 hr) in transfected CHO and COS cell lines (Figure S2) . We have not explained why a transient appearance of extracellular ATP has such a prolonged effect, nor do we understand why the time course differs in different cell types. One should consider the possibility that P2X activation can trigger a cytosolic signaling cascade. Our data in Figure 5 may rule out second messengers that could diffuse between different assemblies of P2X-ASIC channels, but it does not rule out the possibility of a second messenger that remains restricted to the vicinity of a P2X-ASIC assembly. The literature now has several examples in which ion channels play dual roles as current carriers and as triggers for cytosolic signaling cascades (Hayashi et al., 1999; Runnels et al., 2001) . Indeed, P2X5 has been suggested to trigger a phosphorylation cascade in muscle stem cells (Ryten et al., 2002) .
Other remaining biophysical questions include the following. Is the apparent increase in ASIC sensitivity due to an actual change in proton binding affinity? Do P2X and ASIC channels connect to each other directly, or through intermediate proteins (Lingueglia, 2007; Wemmie et al., 2006) , or through lipid forces (Ursell et al., 2007) ? If there are protein-protein interactions, are they through intracellular domains or extracellular (Petroff et al., 2008) ? Why does sensitization via P2X2 depend on extracellular Ca 2+ , whereas P2X4 and P2X5 do not show any Ca 2+ sensitivity?
Why does adaptation of ASIC sensitization proceed even after ATP is removed? And why does it proceed to completion on some cell types (neurons, HEK) but not others (CHO, COS)?
The physiological relevance of ASIC sensitization by ATP deserves further exploration. As noted above, synergism between acid and ATP during ischemia in whole animal models has been shown to be relevant to vascular reflexes (Hayes et al., 2008; McCord et al., 2009 ) and ischemic pain (Seo et al., 2010) . An excised organ model (Wenk and McCleskey, 2007) would complement these studies by allowing extensive pharmacological manipulation. Finally, although ASIC3 and muscle ischemia have been our focus, we found that ASIC1 can also be sensitized through P2X receptors (Figure 3 ). ASIC1 contributes to damage during brain ischemia (Xiong et al., 2004) , so sensitization by extracellular ATP might be relevant in stroke.
EXPERIMENTAL PROCEDURES Electrophysiology
Because the effect of ATP on ASICs is essentially irreversible, ATP was generally applied only to a single cell on any coverslip, after which the coverslip was discarded and the recording chamber washed. Whole-cell patch clamp recordings were done at room temperature ($23 C) on rat dorsal root ganglion neurons and mammalian cell lines (CHO, COS, HEK293). Holding potential, unless noted, was À70 mV. For sensory neurons the typical whole-cell patch pipet solution contained: 135 mM methane sulphonic acid, 150 mM KOH, 10 mM KCl, 8 mM NaCl, 1 mM MgCl 2 , 10 mM MOPS, and 5 mM EGTA (pH 7.0). In some experiments, EGTA was dropped to 0.5 mM or substituted by 10 mM BAPTA-K4 with no apparent difference in results. KCl substituted for K-methanesulfonate without different results. Some experiments used 0.3 Na 3 GTP and 2 Mg-ATP, and this did not affect results provided we took care not to expose the exterior of the cell at any time to the pipet solution. For cell lines the typical pipet solution contained: 130 mM K-methanesulfonate, 10 mM KCl, 4 mM NaCl, 10 mM MOPS, and 10 mM EGTA, adjusted to pH 7.0 with KOH. KCl could substitute for K-methanesulfonate. Standard extracellular solution contained: 140 mM NaCl, 5 mM KCl, 2 mM mM CaCl 2 , 1 mM MgCl 2 , 10 mM HEPES, and 10 mM MES; pH was adjusted with either HCl or NMG (N-Methyl-D-Glucamine). External solutions were exchanged on cells within 20 ms using computer-actuated solenoid valves controlling flow through an array of small (1 mm diameter, 10 ml volume) tubes positioned within several hundred micrometers of the cell. Experiments were done 18-48 hr after dissociation or transfection.
Dissociated Neuron Labeling and Culture
Sensory neurons innervating muscle were labeled by retrograde transport of a lipophilic fluorescent dye, DiI (Molecular Probes, Eugene, OR, USA; 5% DMSO), injected into quadriceps muscle as described (Honig and Hume, 1986) . Dorsal root ganglion neurons were dissociated, plated on laminincoated plastic or glass coverslips, and maintained at room temperature and air in L15 media and nerve growth factor as described (Eckert et al., 1997) . Experiments were done within 48 hr of dissociation.
Cell Line Transfection CHO, COS, or HEK293 cells were used for transfection experiments. CHO cells were preferred because they are round, have no endogenous ASICs (unlike COS), and (unlike HEK) ASICs remained sensitized for as long as recordings proceeded (e.g., Figure S2 ). Cells were transiently transfected using electroporation. After suspending cells with trypsin and quenching with F-12 medium, cells were transferred to a 15 ml conical vial and pelleted (800 rpm, 2 min). Supernatant was removed, and cells were resuspended in 400-700 ml of cold HBS electroporation buffer (500 ml: 4.09 g NaCl, 2.975 g HEPES, 0.1 g Na 2 CO 3 , pH adjusted to 7.4 with NaOH). A total of 0.4-10 mg of DNA in multiple plasmids containing ASIC, P2X, and pCMV-DsRed-Express (Clontech) was added to a 0.4 cm electroporation cuvette (Invitrogen), to which 100 ml of resuspended CHO cells was added. Cells were electroporated for 1 s in a BioRad Gene Pulser with voltage set at 0.360 V and capacitance set at 0.075 mF. Cells were immediately transferred to room-temperature F-12 medium in 35 mm culture dishes containing seven glass coverslips and incubated at 37 C in 5% CO 2 . Cells were used between 18 and 48 hr of plating.
Transfected cells were visualized using a rhodamine filter set.
Plasmids P2X and ASIC clones were driven by CMV-containing promoters in JPA or PCI vectors. pCMV DsRed-express was purchased from Clontech. G. Banker provided vectors for making CFP and YFP fusion proteins (JPA5-CFP and YFP) and the NgCAM fusion (JPA5-NgCAM CFP and YFP). W. Almers provided YC3.1 and mCherry C1. To fluorescently tag ASIC and P2X constructs, two EcoRI restriction sites were PCR amplified onto the N and C termini of each parent construct. The PCR-amplified product was then ligated into JPA5-CFP or JPA5-YFP cloning vector into an EcoRI site.
FRET Imaging
Whole-cell FRET was performed on an Olympus IX71 inverted microscope with a mercury arc lamp for fluorescence excitation. Images were acquired on a cooled Princeton instruments NTE/CCD camera controlled with Metamorph 6.2r6 software. Excitation of CFP and FRET used a 436/20 nm bandpass filter (Chroma Technologies) after reflection off a 450 nm long pass dichroic mirror. YFP was selectively excited and bleached using a 514/ 10 nm filter. Simultaneous imaging of CFP and FRET/YFP emission was obtained by projecting onto half of the CCD array each image from a Dual View beam splitter equipped with a 520 nm dichroic mirror, a 485/25 bandpass filter (CFP fluorescence), and a 535/25 bandpass filter (YFP and FRET). Two images were obtained after each photobleaching interval: 1 with 436 nm excitation for CFP and FRET, and 1 with 514 nm for direct YFP excitation. Fluorescence intensities were obtained by circling the cell, averaging the pixel intensities, and subtracting the average background pixel intensities; intensities are expressed as the fractional value obtained before any YFP bleaching. Methods for FRET using TIRF microscopy are in the Supplemental Experimental Procedures together with the TIRF data. Antisera P2X2 and P2X5 antisera were raised in guinea pigs against peptides from the ectodomains corresponding to P2X2 residues 222-233 (GTSDNHFLGKM-NH2) and P2X5 residues 293-302 (KHTHSISSGY-NH2). ASIC3 antisera were raised in rabbits against peptide 491-505 (EELNGHRTHVPHLSL-NH2), near the carboxyl terminus of the molecule. Antisera were validated by homologous and heterologous absorption on tissues (Vulchanova et al., 1996) and on cultured COS cells 24 hr following transfection with receptor-containing vectors (Supplemental Experimental Procedures). The rabbit anti-ASIC3 antibody was compared to a previously validated guinea pig anti-ASIC3 (Molliver et al., 2005) and found to have essentially identical staining pattern in DRG sections (not shown).
Fixed DRG Preparation and Neuron Counting
Young adult Sprague-Dawley rats (150 g) were deeply anesthetized and perfused transcardially with calcium-free Tyrode's solution, then approximately 300 ml fixative (4% paraformaldehyde and 0.2% picric acid in 0.1 M phosphate-buffered saline [PBS] [pH 6.9]), and finally about 300 ml 10% sucrose in PBS. Lumbar dorsal root ganglia and spinal cords were immediately dissected and rapidly frozen on chucks for cryosectioning. Fourteen-micrometer sections were cut on a cryostat and mounted on gelatin-coated glass slides. Slides were blocked and washed 3 3 10 min in antibody diluent (PBS containing 0.3% Triton X-100, 1% normal donkey serum, 1% bovine serum albumin, 0.01% sodium azide), then incubated in primary antisera solution overnight at 4 C. Primary antisera dilutions were: P2X5, 1:750; P2X2, 1:1000; and ASIC3, 1:1000. Slides were then washed 3 3 15 min in PBS and incubated in secondary antibodies diluted 1:200 in antibody diluent for 120 min at room temperature. Secondary antibodies were CY5-donkey antirabbit and CY3-donkey anti-guinea pig (Jackson Immunoresearch, West Grove, PA, USA). Slides were washed 3 3 15 min in PBS, coverslips were mounted with glycerol-based antifade medium, and photographed for Cy3 and Cy5. To count the total number of cells/field, micrographs were made by adding dim birefringent visible light to the green epifluorescence emission channel. To ensure that cell diameters were not underestimated, only neurons containing distinct nuclei were evaluated. Printed micrographs were coded for blind analysis, and the number, size, and relative brightness (1 to 3) of immunopositive neurons were recorded. Sizes were determined using a reference figure and the method of area equivalent diameters (Weibel, 1979) . Size and number of double-labeled P2X-and ASIC3-positive neurons were determined by comparing separate channel views of the same double-labeled DRG field. 
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